Background/Aims: Bone nonunion remains a challenge for orthopaedists. The technological advancements that have been made in precisely silencing target genes have provided promising methods to address this challenge. Methods: We detected the expression levels of the bone morphogenetic protein (BMP) inhibitors Chordin, Gremlin and Noggin using realtime PCR in bone mesenchymal stem cells (BMSCs) isolated from patients with normal fracture healing and those with bone nonunion. Moreover, we detected the expression of Chordin, Gremlin and Noggin during the osteogenic differentiation of human BMSCs (hBMSCs) using real-time PCR and Western blot. We delivered Chordin siRNA to hBMSCs using a previously reported cationic polymer, polyspermine imidazole-4,5-imine (PSI), as a pH-responsive and non-cytotoxic transfection agent. The apoptosis and cellular uptake efficiency were analysed by flow cytometry. Results: We identified Chordin as the most appropriate potential therapeutic target gene for enhancing the osteogenic differentiation of hBMSCs. Chordin knockdown rescued the osteogenic capacity of hBMSCs isolated from patients with bone nonunion. Highly efficient knockdown of Chordin was achieved in hBMSCs using PSI. Chordin knockdown promoted hBMSC osteogenesis and bone regeneration in vitro and in vivo. Conclusions: Our results suggest that Chordin is a potential target for improving osteogenesis and bone nonunion therapy and that responsive and non-toxic cationic polyimines such as PSI are therapeutically feasible carriers for the packaging and delivery of Chordin siRNA to hBMSCs.
Introduction
Bone nonunion is a serious problem that may occur following bone fractures and segmental defects, resulting in a heavy financial burden for both the patient and for the government due to health care costs and the reduced ability of the patient to work [1, 2] . Approximately 5% to 10% of fractures result in bone nonunion. An improved understanding of bone biology could facilitate the treatment of bone nonunion [1] . Upon bone damage, bone mesenchymal stem cells (BMSCs) migrate to the damaged portion of bone and differentiate into osteoblasts, which secrete large amounts of extracellular matrix (ECM) to promote bone fracture healing. The migration and osteogenic differentiation of BMSCs are tightly regulated by various cellular signals [3] [4] [5] [6] [7] [8] , and in vitro and in vivo studies have shown that bone morphogenetic proteins (BMPs) play a critical role in osteogenic differentiation and bone formation [9] [10] [11] . BMPs combine with type I and II receptors on the cell surface to form a complex and activate the Smad signalling pathways, which regulate osteogenic gene expression [12, 13] , suggesting that manipulation of BMP signalling may be employed as a therapeutic approach to treat bone nonunion. However, this technique has several key disadvantages, as these factors must be used at supraphysiological concentrations, are shortlived and expensive, and result in many side effects [14] [15] [16] [17] .
Recently, the role of BMP inhibitors and the extent to which they can be used as a control mechanism have received much attention [18] [19] [20] . The time-and concentration-dependent expression of both BMPs and BMP inhibitors plays a vital role in bone development and bone fracture healing [19] . The expression profiles of BMPs and their inhibitors in human BMSCs (hBMSCs) from patients with normal bone fracture healing and those with bone nonunion are unknown. BMP-mediated osteogenic differentiation is closely regulated by extracellular BMP inhibitors, including Noggin, Chordin and Gremlin [21] , suggesting that BMP inhibitors in BMSC are ideal therapeutic targets for bone healing. However, the role of BMP inhibitors in BMSC osteogenesis, bone healing and bone nonunion is not well understood.
Molecular therapeutics (including gene therapy, small interfering RNAs (siRNAs) and small molecular antagonists) might provide a good solution for blocking BMP inhibitors, which could eliminate the need for high doses of BMPs to stimulate bone healing. siRNAs are nucleic acid fragments 21-23 nucleotides long that can specifically suppress the expression of a target gene via their strict design [22] . Thus, siRNA provides a solution for drug design and a new method of developing customizable medicines. Currently, the major challenge in gene therapy is developing a transfection vector that exhibits biocompatibility, multifunctionality, stimulus responsiveness, high loading capacity and high transfection efficiency [23] . Polyethyleneimine (PEI) has long been used for gene delivery because of its high cationic charge density and ability to condense siRNA and escape the endosome [24] [25] [26] [27] [28] . PEI25kDa is a classical gene delivery vector that does not consist of biodegradable chemical linkages; hence, PEI25kDa does not meet the requirement for clinical application because of its high cytotoxicity and nonbiodegradability. Spermine is a widespread endogenous multi-amino monomer whose major function in the body is nucleic acid condensation. Many studies have used spermine as a building block to synthesize suitable siRNA carriers [27] [28] [29] . Recently, we developed a pH-responsive and non-toxic siRNA carrier system, polyspermine imidazole-4, 5-imine (PSI), which offers an example of a cationic polymer capable of condensing siRNA into a polyplex and releasing the siRNA from the endosome into the cytoplasm [22] . One of the unique characteristics of PSI is that at endosomal pH values, it degrades into spermine with two free amino groups, which is non-toxic to hBMSCs, and a safe metabolite. This safe and efficient synthetic carrier system may allow the revolutionary siRNA technology to be used in bone regeneration therapy.
In the present study, we examined the naturally occurring levels of BMPs and their inhibitors in hBMSCs isolated from patients with bone nonunion and normal fracture healing, evaluated the expression of BMP inhibitors during hBMSC osteogenic differentiation, and identified Chordin as an ideal target for enhancing the osteogenic differentiation of hBMSCs isolated from patients with bone nonunion. We then examined the cytotoxic and apoptotic hBMSC osteogenic differentiation hBMSCs were donated by patients who provided written informed consent, and this experiment was approved by the Institutional Ethics Committee of Shanghai Jiao Tong University School of Medicine (SJTUSM). hBMSCs were obtained from two sources. The first source was patients with bone nonunion; the second source was patients with normal fracture healing. For osteogenic differentiation, hBMSCs at passage 3 were seeded at 1 × 10 5 cells/well in a six-well plate and cultured in BM. When confluence was reached, the cells were cultured in BM or OM (BM supplemented with 100 ng/mL BMP-2 (#120-02, Peprotech, USA)). BMP-4 (#120-05), BMP-6 (#120-06), BMP-7 (#120-03) and BMP-9 (#120-7) were purchased from Peprotech. The culture medium was changed every 3 days. Alizarin Red S staining (#A5533, Sigma Aldrich, USA) was performed after 21 days of osteogenic culture. To quantify osteogenic differentiation, 2 mL or 1 mL of 0.1 N NaOH was added to each well of a 6-well or 12-well plate, respectively, to dissolve the extracellular calcium deposits, and then 100 μL of the dissolved solution was analysed using a microplate reader (Infinite M200 PRO, TECAN, Switzerland) at 548 nm.
Lentiviral transduction overexpression studies
The human Chordin gene was ligated into the pLVX-IRES-Puro vector using PCR primers to amplify the coding region. The pLVX-IRES-Puro and pLVX-IRES-Puro-Chordin constructs were transfected into the viral packaging cell line HEK293T together with pSPAX2 and pMD2.G. Viral supernatants were used to infect hBMSCs.
MTT assay
To determine whether PSI and PSI and siRNA polyplexes were cytotoxic to hBMSCs, we performed an MTT (#M5655, Sigma, USA) assay as follows. hBMSCs at passage 3 were seeded at 1 × 10 4 cells/well in 96-well plates and cultured for 24 h. The culture medium was subsequently replaced with medium containing different concentrations of PSI or polyplexes at varying N/P ratios. After incubation at 37 °C under 5% CO 2 for 4 h, the culture medium was replaced with 200 μL/well MTT reagent (0.5 mg/mL MTT dissolved in complete culture medium), and the plates were incubated for another 4 h at 37 °C under 5% CO 2 . The unreacted MTT reagent was removed, and the formazan crystals were dissolved by adding 200 μL of dimethyl sulfoxide (DMSO) to each well. The OD was measured using a microplate reader (Infinite M200 PRO, TECAN, Switzerland) at a wavelength of 570 nm and a reference wavelength of 630 nm. Cell viability was calculated as [(OD570 − OD630) test/(OD570 − OD630) control].
Real-time PCR
The total RNA was isolated from hBMSCs using TriPure Isolation Reagent (#93956520, Roche, Switzerland) according to the manufacturer's instructions. RNA samples (1 μg) were reverse transcribed using a Prime Script RT Master Mix cDNA Synthesis Kit (#RR036A-1, Takara, Japan) to obtain first-strand cDNA. Real-time PCR was performed on a Light-cycler 480 (Roche, Switzerland) using SYBR Premix ExTaq Table  1 .
Chordin knockdown and cellular uptake efficiency Chordin, Noggin and Gremlin expression was knocked down using siRNA. The sense and antisense sequences of the Chordin, Noggin and Gremlin siRNAs are listed in Table 2 . The siRNA sequences were synthesized by Shanghai GenePharma Co., Ltd. A FITC fluorescein-conjugated negative control siRNA (GenePharma, Shanghai, China) was used to assess the transfection efficiency of PSI. The FITC fluoresceinconjugated negative control siRNA was not homologous to any known gene, thus avoiding nonspecific effects on cellular gene expression caused by the introduction of the oligonucleotide into the cells. hBMSCs were seeded under the same experimental conditions and transfected with the FITC fluorescein-conjugated negative control at varying N/P ratios using different polymers. After incubation for 4 h, the proportion of transfected cells was measured using FACS analysis (Becton Dickinson Biosciences, San Diego, CA) and FlowJo flow cytometry analysis software (Tree Star, USA). The hBMSCs were then transfected with a Cy3-fluorescein-conjugated negative control at optimal N/P ratios using different polymers. After incubation for 1 h, the nuclei and lysosomes of hBMSCs were labelled with Hoechst 3342 (#H3570, Life Technologies, USA) and LysoTracker (#L7526, Life Technologies, USA), respectively, and observed via laser confocal microscopy (Cell Observer, ZEISS, Germany).
Apoptosis and JC-1 staining hBMSCs at passage 3 were seeded onto a six-well plate at a density of 1 × 10 5 cells/well and cultured in complete BM. After 24 h of culture, the complete medium was replaced with 1 mL of Opti-MEM (#31985062, Life Technologies, USA) containing polyplexes with different N/P ratios. After 4 h of incubation, the cells were harvested and washed with cold PBS. The hBMSCs were stained using an apoptosis analysis kit (#V13241, Life Technologies, USA) according to the manufacturer's instructions. The stained cells were immediately analysed by flow cytometry by using the FlowJo flow cytometry analysis software (Tree Star, USA). After transfection with different polyplexes, the cells were stained with a LIVE/DEAD Viability/Cytotoxicity Kit (#L-3224, Life Technologies, USA) and a JC-1 analysis kit (#C2005, Beyotime, China) according to the manufacturer's instructions. The stained hBMSCs were immediately observed by laser confocal microscopy (Cell Observer, ZEISS, Germany).
Western blot analysis
For Western blot analysis, hBMSCs were lysed on ice for 30 min in lysis buffer. The protein fractions were collected by centrifugation at 15, 000 g for 10 min at 4 °C, subjected to 10% SDS-PAGE, and finally transferred onto nitrocellulose membranes. The transferred membranes were blocked with 5% BSA and then incubated with specific antibodies overnight at 4 °C. A horseradish peroxidase-labelled secondary antibody was added and visualized using an enhanced chemiluminescence detection system (#WBKLS0500, 
ALP analysis and staining
For alkaline phosphatase (ALP) analysis, hBMSCs were collected using 0.25% trypsin and then frozen and thawed three times. The cell lysate supernatant was extracted by centrifugation at 12000 rpm for 10 min at 4 °C. PNPP was measured by adding 100 μL of DEA (50 mmol/L glycine and 1 mmol/L MgCl 2 at pH 10.5), 50 μL of PNPP solution (#N7653, Sigma, USA), and 50 μL of cell lysate supernatant to each well of a 96-well plate and incubating the plates for 15 min at 37 °C. After incubation, 400 μL of 1 N NaOH was added to each well to stop the reaction, and the absorbance was measured at 405 nm. The quantity of p-nitrophenol liberated from the substrate was determined by comparison to a standard curve. The total protein concentration was measured by a BCA assay. For this purpose, 200 μL of solution A (#23228, Pierce, USA), 4 μL of solution B (#1859078, Pierce, USA), and 20 μL of cell lysate supernatant were added to each well of a cell culture plate and incubated for 30 min at 37 °C; the absorbance was measured at 562 nm. ALP staining was performed using ALP staining reagent (Shanghai Hongqiao Le Xiang Institute of Biomedical, China) according to the manufacturer's instructions.
Tibial monocortical defect model
The tibial monocortical defect model used in this study is a simplified stable fracture model, described previously [30, 31] . hBMSCs (5 × 10 4 cells per sample) isolated from patients with bone nonunion were collected at passage 3, resuspended in a mixture of medium and Matrigel (#356234, BD Bioscience, USA) and then transplanted to the osseous hole. After one month, tibiae were isolated, fixed overnight in 10% neutral buffered formalin, and kept in 70% ethanol until analysis, which was performed using a μCT35 system (SCANCO Medical) with a spatial resolution of 5 μm. Sagittal image sections of injured tibiae were used for 3D histomorphometric analysis.
Immunofluorescence assay
Immunostaining was performed using a standard protocol. Sections were incubated overnight at 4 °C with the following primary antibodies: Chordin goat pAb (1:200, #sc-23557, Santa Cruz, USA) and phosphoSmad1/5/8 rabbit pAb (1:200, #4086, Cell Signaling Technology, USA). The primary antibodies were detected using a Cy3 or FITC-conjugated anti-goat or anti-rabbit IgG secondary antibody. After the final wash, the nuclei were counterstained with Hoechst 3342 (1:1000 #H3570, Life Technologies, USA) in PBS for 10 min before imaging. The stained sections were immediately observed by laser confocal microscopy (Cell Observer, ZEISS, Germany).
Statistical analysis
All numerical data were expressed as the mean ± S.D. for the number of experiments performed. All statistical analyses were performed using SPSS software version 13.0. Statistical differences among groups were analysed by one-way analysis of variance with a post hoc test to determine group differences in the study parameters, and differences were considered statistically significant at *, P<0.05 and **, P< 0.01.
Results

Expression of BMPs and BMP inhibitors in hBMSCs isolated from patients with bone nonunion and patients with normal fracture healing
The expression of BMPs and BMP inhibitors in hBMSCs isolated from patients with bone nonunion has not yet been analysed. In the present study, hBMSCs were isolated from eight patients with bone nonunion and eight patients with normal fracture healing. The expression levels of Chordin, Noggin, and Gremlin were higher in hBMSCs isolated from patients with bone nonunion than in those isolated from patients with normal fracture healing, although (Fig. 1A) . BMP-7 mRNA expression was decreased in patients with bone nonunion compared with patients with normal fracture healing. We next detected the mRNA expression of BMP target genes, including ID1, ID2, ID3 and ID4. The expression of ID1 and ID3 was downregulated in hBMSCs from patients with bone nonunion, while the expression levels of ID2 and ID4 were not significantly different between the two groups of patients ( Fig. 1G-I ). In addition, Western blot results showed that the expression of p-SMAD1/5/8 was decreased in hBMSCs isolated from patients with bone nonunion. These results suggest that the BMP signalling pathway is inhibited in hBMSCs isolated from patients with bone nonunion.
Chordin knockdown is an ideal target for enhancing the osteogenic differentiation of hBMSCs in patients with bone nonunion
As we found that the BMP signalling pathway was inhibited in hBMSCs isolated from patients with bone nonunion, which showed higher expression of BMP inhibitors than cells from patients with normal healing fractures, we hypothesized that inhibiting the activity of BMP inhibitors could enhance the intrinsic activity of BMPs and promote the osteogenic differentiation of hBMSCs isolated from patients with bone nonunion. Chordin and Noggin mRNA expression increased during hBMSC osteogenesis ( Fig. 2A and 2B) . However, the expression of Gremlin decreased (Fig. 2C) . To confirm the effect of Chordin, Noggin and Gremlin on hBMSC osteogenesis, we knocked down Chordin, Noggin and Gremlin expression using siRNAs in hBMSCs. Chordin knockdown promoted the expression of OSX, OCN, and Col1a1 more strongly than Gremlin knockdown in hBMSCs isolated from patients with bone nonunion (Fig. 2D-F) . However, Noggin knockdown decreased the expression of OSX, OCN, and Col1a1 (Fig. 2D-F) . After 21 days of osteogenic induction, Alizarin Red staining and quantitative detection demonstrated that hBMSCs isolated from patients with bone nonunion formed fewer mineralization nodules than hBMSCs isolated from patients with normal fracture healing ( Fig. 2G and 2H ). Chordin knockdown rescued the osteogenic ability of hBMSCs isolated from patients with bone nonunion (Fig. 2G and 2H ). The expression of Chordin was further measured by Western blot, which confirmed that the induction of osteogenic differentiation was associated with increased Chordin expression (Fig.  2I) . To further verify the role of Chordin in the osteogenic differentiation of hBMSCs, we overexpressed Chordin in hBMSCs using lentivirus (Fig. 2J and 2K ). Chordin overexpression reduced the mRNA expression of OSX, OCN and Col1a1 in hBMSCs after 7 days of osteogenic introduction (Fig. 2L) . Alizarin Red staining and quantitative detection indicated that Chordin overexpression reduced the osteogenic differentiation of hBMSCs ( Fig. 2M and 2N) . These results showed that Chordin is the most appropriate potential therapeutic target gene 
among the tested BMP inhibitors for enhancing the osteogenic differentiation of hBMSCs isolated from patients with bone nonunion.
Cytotoxic effects of siRNA delivered by PSI and PSI/siRNA polyplexes to hBMSCs
Effective and nontoxic delivery is a key challenge and the most significant limitation to the therapeutic application of siRNA technology. Cytotoxicity is a major concern in the therapeutic application of a synthetic nucleic acid carrier. We next evaluated the cytotoxic effects of PSI on hBMSCs by performing an MTT assay. Similar to the spermine-treated group, the cell viability of hBMSCs remained unchanged even at a PSI polymer concentration of 100 µg/mL. By contrast, the cell viability of PEI25kDa-treated hBMSCs dramatically dropped to 20% of the original value when the polymer concentration reached 15 μg/mL (Fig. 3A) . PSI/ siRNA polyplexes at N/P ratios ranging from 5:1 to 100:1 also showed no negative effects on hBMSC viability (Fig. 3B) ; however, the cytotoxicity of PEI25kDa/siRNA polyplexes dramatically increased when N/P was greater than 20 (Fig. 3B) .
Apoptosis was analysed after a 4-h incubation with hBMSCs, demonstrating that the PEI25kDa/siRNA polyplexes (N/P=20:1) induced a higher rate of apoptosis than the PSI/ siRNA polyplexes (N/P=100:1) (Fig. 3C) . Similarly, cell viability assays showed that the PEI25kDa/siRNA group exhibited significantly reduced cell viability compared with the PSI/siRNA and control groups (Fig. 3D) . We subsequently investigated why fewer cells treated with PSI/siRNA underwent apoptosis. The highly positive charge of the polycation polymer compound may have interfered with the normal intracellular membrane potential; this phenomenon is also the main cause of cell apoptosis and reduced cell viability. The mitochondrial membrane potentials of hBMSCs incubated with PSI/siRNA and PEI25kDa/ siRNA polyplexes for 4 h were determined by JC-1. hBMSCs incubated with PSI/siRNA showed normal mitochondrial membrane potentials, while the mitochondrial membrane potentials of hBMSCs incubated with PEI25kDa/siRNA polyplexes were considerably reduced (Fig. 3E) .
Cellular uptake efficiency of PSI/ siRNA polyplexes transfected into hBMSCs
We compared the cellular uptake efficiency of PSI and PEI25kDa in delivering FITC-siR-NA to hBMSCs. hBMSCs were transfected with PSI/FITC-siRNA polyplexes with various N/P ratios, and the uptake efficiencies were measured using flow cytometry. The transfection efficiencies in cells treated with PSI-and PEI25kDa-delivered FITC-siRNAs were 97.1% and 94.8% at the optimal N/P ratios of 50:1 and 10:1, respectively ( Fig. 4A and 4B ). These results indicated that the PSI/siRNA and PEI25kDa/siRNA polyplexes exhibited a high transfection Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry efficiency, which increased as the N/P ratio increased ( Fig. 4C and 4D ). The cellular uptake of PSI/Cy3-siRNA (N/P=50:1) and PEI25kDa/Cy3-siRNA (N/P=10:1) polyplexes was also examined via confocal microscopy after 1 h of incubation with hBMSCs. We observed high cellular uptake of both PSI/Cy3-siRNA and PEI25kDa/Cy3-siRNA polyplexes (Fig. 4E) .
Chordin knockdown efficiency of PSI/ Chordin-siRNA polyplexes
To examine the knockdown efficiency of PSI/Chordin-siRNA, a Chordin-specific siRNA and a negative control siRNA were packaged into polyplexes with PSI and PEI25kDa at various N/P ratios and transfected into hBMSCs. Chordin mRNA expression was detected by real-time PCR and Western blot after 3 days of culture. The rates of Chordin silencing in the cells treated with PSI-delivered Chordin-specific siRNA (the PSI/Chordin-siRNA group) were 57.56%, 68.97%, and 81.89% at N/P ratios of 30:1, 40:1, and 50:1, respectively. By contrast, the rates of Chordin silencing in the cells treated with PEI25kDa-delivered Chordin-specific siRNA (the PEI25kDa/Chordin-siRNA group) were 57.14%, 74.71%, and 62.31% at N/P ratios of 5:1, 10:1, and 20:1, respectively (Fig. 5A-B) . To determine the Chordin knockdown efficiency at different time points, we measured Chordin expression in hBMSCs at 3, 7, 10, and 14 days after transfection with PSI and PEI25kDa at their optimal N/P ratios of 50:1 and 10:1, respectively. We found that Chordin knockdown lasted for at least 10 days in both the PSI/Chordin-siRNA and PEI25kDa/Chordin-siRNA groups (Fig. 5C) , and Western blot results confirmed this finding (Fig. 6D) . In addition, Chordin mRNA expression was significantly lower in the PSI/Chordin-siRNA group than in the PEI25kDa/Chordin-siRNA group at 3 and 7 days after transfection (Fig. 5C-D) . These results strongly suggest that PSI is superior to PEI25kDa in delivering Chordin-specific siRNA to hBMSCs and that the effect of Chordin knockdown can last for at least 10 days.
Osteogenic gene expression in hBMSCs transfected with PSI/Chordin-siRNA polyplexes
To evaluate the differentiation potential of hBMSCs, the gene expression of OSX, Col1a1 and OCN was measured by real-time PCR following transfection with Chordin-specific siRNA after 7 days of osteogenic differentiation. The mRNA expression levels of OSX, OCN, and Col1a1 markedly increased in the PSI/Chordin-siRNA and PEI25kDa/Chordin-siRNA groups Chordin knockdown efficiency of PSI/ Chordin-siRNA polyplexes. Chordin expression measured by real-time PCR (A) and western blot (B) after transfection with PEI25kDa/ChordinsiRNA polyplexes and PSI/Chordin-siRNA polyplexes at different N/P ratios. Chordin expression measured by real-time PCR (C) and western blot (D) after transfection with PEI25kDa/ChordinsiRNA polyplexes (N/P ratio=20) and PSI/Chordin-siRNA polyplexes (N/P ratio=100) at days 0, 3, 7, 10, and 14. Chordin mRNA was normalized to GAPDH mRNA, data are represent as means ± S.D. of three independent experiments,N=4. Chordin protein was normalized to GAPDH, Representative images of three independent experiments were shown. "*" indicates P<0.05, "**" indicates P<0.01, and "NS" meansno significance.
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Cellular Physiology and Biochemistry compared with the spermine/ChordinsiRNA, PEI800/Chordin-siRNA, and NC (naked siRNA) groups; moreover, the expression levels of these genes were significantly higher in the PSI/ChordinsiRNA group than in the PEI25kDa/ Chordin-siRNA group (Fig. 6A-6C ).
Western blot results showed that the expression levels of p-SMAD1/5/8 and Runx2 increased in the PSI/Chordin-siRNA and PEI25kDa/Chordin-siRNA groups compared with those in the spermine/Chordin-siRNA, PEI800/Chordin-siRNA, and NC (naked siRNA) groups after incubation in OM, indicating that the BMP signalling pathway was activated when the expression of the BMP-2 inhibitor Chordin was knocked down (Fig. 6D) . Moreover, the expression levels of Runx2 and p-SMAD1/5/8 were higher in the PSI/Chordin-siRNA group than in the PEI25kDa/Chordin-siRNA group. Because Chordin primarily binds to BMP-2, BMP-4 and BMP-7, but not BMP-6 and BMP-9, we detected the expression levels of Runx2 and p-SMAD1/5/8 in hBMSCs transfected with Chordin-siRNA after osteogenic induction using BMP-4, BMP-7, BMP-6 and BMP-9 at 100 ng/mL. When BMP-4 and BMP-7 were used as osteogenic inducers, the expression levels of Runx2 and p-SMAD1/5/8 increased in the PSI/Chordin-siRNA and PEI25kDa/ChordinsiRNA groups compared with the NC group ( Fig. 6E and 6F) . However, when BMP-6 and BMP-9 were used as osteogenic inducers, the expression levels of Runx2 and p-SMAD1/5/8 were unchanged in the PSI/Chordin-siRNA and PEI25kDa/Chordin-siRNA groups compared with the NC group ( Fig. 6G and 6H ).
Chordin knockdown rescued the osteogenic capacity of hBMSCs isolated from patients with bone nonunion ALP activity was significantly enhanced and ALP staining markedly increased in hBMSCs at 7 days (Fig. 7A and 7C ) and 14 days (Fig. 7B and 7D ) post-transfection with Chordinspecific siRNA via PSI and PEI25kDa polyplexes compared with the spermine/ChordinsiRNA, PEI800/Chordin-siRNA and NC (naked siRNA) groups. The ALP activity in the PSI/ Chordin-siRNA group was 1.29 and 1.41 times higher than that of the PEI25kDa/ChordinsiRNA group at 7 and 14 days, respectively. Inhibition of Chordin expression improved Alizarin red staining, and the PSI/Chordin-siRNA and PEI25kDa/Chordin-siRNA groups showed deeper staining than the spermine/Chordin-siRNA, PEI800/Chordin-siRNA, and NC (naked OCN (B) , and Col1a1 (C) in hBMSCs transfected with different polyplexes after 7days osteogenic induction using BMP-2 were measured by real-time PCR. The expression levels of Runx2 and p-SMAD1/5/8 complexes in hBMSCs transfected with different polyplexes after 7days osteogenic induction using BMP-2(D),BMP-4(E), BMP-7(F), BMP-6(G), BMP-9(H) were measured by Western blot. RUNX2 and p-SMAD1/5/8 protein levels were normalized to GAPDH and SMAD1, respectively. were measured by Western blot. Representative images of three repeated experiments were shown."*" indicates P<0.05, "**" indicatesP<0.01, and "NS" means no significance. (Fig. 7E) . In addition, the PSI/ Chordin-siRNA group exhibited significantly deeper staining than the PEI25kDa/ChordinsiRNA group. Alizarin red staining was also quantified by spectrophotometry at 548 nm, which showed that knockdown of Chordin expression significantly improved calcium deposition in mineralized nodules, and the calcium deposition in the matrix in the PSI/ Chordin-siRNA group was nearly 1.23 times higher than that observed in the PEI25kDa/Chordin-siRNA group (Fig. 7F) . These analyses provided quantitative and qualitative evidence that inhibition of Chordin expression rescued the osteogenic capacity of hBMSCs isolated from patients with bone nonunion and that PSI/ Chordin-siRNA exerted a stronger effect on hBMSCs than PEI25kDa/Chordin-siRNA.
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Chordin knockdown promoted the bone regeneration of hBMSCs isolated from patients with bone nonunion in vivo
To investigate the function of Chordin inhibition in vivo, we determined the osteogenic activity of hBMSCs transfected with Chordin-specific siRNA by using a tibial monocortical defect model. hBMSCs isolated from patients with bone nonunion were transfected with Chordin siRNA using PSI, PEI25kDa, spermine, and PEI800 and were subsequently mixed with Matrigel and transplanted into the osseous hole. μCT was used to quantify the newly formed bone in the defect one month after hBMSC transplantation. Lateral views of the 3D reconstruction of the injured tibia showed more mineralized tissue in the PSI/ChordinsiRNA group than in the PEI25kDa/Chordin-siRNA group, and the areas of mineralized tissue were smallest in the PEI800/Chordin-siRNA, spermine/Chordin-siRNA and NC groups (Fig.  8A) . Compared with the PEI25kDa/Chordin-siRNA group, bone mineral density (BMD), bone volume density (BV/TV), trabecular number (Tb.N), and trabecular thickness (Tb.Th) increased in the PSI/Chordin-siRNA group by approximately 1.33, 1.18, 1.18 and 1.16 times, respectively ( Fig. 8B-E) . Conversely, trabecular separation (Tb.Sp) was reduced by 41% in the PSI/Chordin-siRNA group compared with the PEI25kDa/Chordin-siRNA group (Fig.  8F) . New bone formation was also revealed by H&E staining, and the new bone formation area was larger in the PSI/Chordin-siRNA group than in the PEI25kDa/Chordin-siRNA group, while the new bone formation areas were quite small in the PEI800/Chordin-siRNA, spermine/Chordin-siRNA and NC group (Fig. 8G) . Because Chordin is a secreted protein, we detected Chordin and p-Smad1/5/8 in the fibrous tissue around newly formed bone. Chordin expression was higher in the PEI800/Chordin-siRNA, spermine/Chordin-siRNA and NC groups than in the PSI/Chordin-siRNA than PEI25kDa/Chordin-siRNA groups (Fig.  8H) . Very little Chordin expression was detected in the fibrous tissue around newly formed bone in the PSI/Chordin-siRNA group. In addition, p-SMAD1/5/8 expression was higher in 
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Cellular Physiology and Biochemistry the PSI/Chordin-siRNA and PEI25kDa/Chordin-siRNA groups than in the PEI800/ChordinsiRNA, spermine/Chordin-siRNA and NC groups (Fig. 8H) . These results indicate that Chordin knockdown promoted the bone regeneration ability of hBMSCs isolated from patients with bone nonunion in vivo. PSI/Chordin-siRNA polyplexes were more able to promote the bone regeneration ability of hBMSCs than PEI25kDa/Chordin-siRNA polyplexes.
Discussion
Bone nonunion is a challenging problem that may occur following certain bone fractures. However, there has been little investigation of the molecular basis of bone nonunion [2] . BMPs and BMP inhibitors play a significant role in osteogenesis. Niikura et al. compared the global gene expression levels of osteogenic BMPs and their inhibitors in rat fracture and atrophic bone nonunion tissues and proposed that the imbalance between BMPs and BMP inhibitors may be a potential cause of the development of bone nonunion [2] . Other teams have investigated the same question; however, the results have been inconsistent [32] [33] [34] . Although these studies all found that there was an imbalance between BMPs and BMP inhibitors in bone nonunions compared with fractures that heal normally, it remains unclear whether bone nonunion is caused by suboptimal expression of BMPs, by increased expression of BMP inhibitors, or possibly by both of these factors. These discrepancies may be explained by differences in the timing of the bone nonunion analysis, species used, location of the bone nonunion and the type of bone nonunion [14] . Currently, no studies have reported the difference in the expression of BMPs and BMP inhibitors in hBMSCs isolated from patients with normal fracture healing and those with bone nonunion. The results of our study indicate that the mRNA expression pattern of endogenous BMPs and BMP inhibitors in hBMSCs isolated from patients with bone nonunion was different from that of hBMSCs isolated from patients with normal fracture healing. Specifically, our results show that the expression of BMP-7 was decreased and that of Chordin, Noggin and Gremlin was increased in hBMSCs 
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Cellular Physiology and Biochemistry isolated from patients with bone nonunion. In addition, the osteogenic differentiation ability of hBMSCs isolated from patients with bone nonunion was lower than that of hBMSCs isolated from patients with normal fracture healing. Meanwhile, the expression of the BMP target genes ID1, ID3 and p-SMAD1/5/8 decreased in hBMSCs isolated from patients with bone nonunion. By knocking down the expression of Chordin, Noggin and Gremlin in hBMSCs with specific siRNAs, we found that Chordin knockdown most strongly increased the osteogenic differentiation of hBMSCs. Therefore, we hypothesized that Chordin was an ideal target for rescuing the osteogenic differentiation of hBMSCs isolated from patients with bone nonunion. Our studies revealed that hBMSCs isolated from patients with bone nonunion exhibited decreased BMP expression and increased BMP inhibitor expression. BMP-2 and BMP-7 play important roles in bone regeneration and are both FDA-approved for clinical use in fracture healing, long bone nonunion, periodontal and dental applications and spinal fusions [16] . However, concerns remain regarding the safety and cost-effectiveness of their clinical application. For example, adverse effects such as osteolysis, infection, arachnoiditis, increased neurological deficits and retrograde ejaculation have been reported after the use of BMP-2 [35] . A sufficient number of studies have shown that BMP inhibitors play a major role in bone regeneration. So far, no studies have attempted to block one or more BMP inhibitors to accelerate fracture healing in humans. Some studies have indicated that a high dose of BMPs could increase the expression of BMP inhibitors, limiting the functional therapeutic application of BMPs [14] . Therefore, we hypothesized that Chordin knockdown could maximize BMP activity and eliminate the need for expensive, high-dose exogenous BMP treatment. siRNA transfection is a powerful tool for identifying the mechanism of a given disease and provides a promising therapeutic method for gene-related diseases. A feasible nucleic acid vector with biocompatibility, multifunctionality, stimulus responsiveness, high loading capacity and high transfection efficiency is needed to accomplish the inter-and intracellular trafficking required for siRNA delivery. Recently, we developed an siRNA vector known as PSI by condensing spermine and bisformaldehyde imidazole through a pH-responsive linkage, a bis-imine bond conjugated with the imidazole. In our previous study, we showed that PSI could be degraded into imidazole-biscarboxylic acid, a safe metabolite of cefpimizole sodium and spermine. In our study, we found that spermine had no toxic effects on hBMSCs. We also found that PSI was non-toxic to hBMSCs using various methods, while PEI25kDa exhibited some cytotoxicity. PEI is reportedly an apoptotic agent, and some studies have also shown that the apoptosis of cells mediated by PEI-based vectors depends on mitochondrial membrane damage, as the mitochondrial membrane potential decreases after PEI transfection [23] . We measured the mitochondrial membrane potential by JC-1 staining after transfection with PEI25kDa and PSI and found that cells transfected with PSI had reduced mitochondrial membrane damage compared with cells transfected with PEI25kDa. The degradation of PSI may account for the lower mitochondrial membrane damage. We next detected the cellular uptake of PSI/siRNA polyplexes and PEI25kDa/siRNA polyplexes using flow cytometry and laser confocal microscopy. Both groups had high cellular uptake efficiency. We also measured the Chordin knockdown efficiency using PSI and PEI25kDa polyplexes at different N/P ratios. Transfection with PSI polyplexes resulted in a higher knockdown efficiency than transfection with PEI25kDa polyplexes at optimal N/P ratios. Subsequently, we detected the Chordin knockdown efficiency at 3 days, 7 days, 10 days and 14 days after transfection with PSI and PEI25kDa polyplexes at optimal N/P ratios. PSI polyplexes exhibited a higher knockdown efficiency than PEI25kDa polyplexes at 3 days and 7 days. This may be because PSI can degrade rapidly to release siRNA into the cytoplasm, resulting in a stronger effect on gene knockdown and higher cell viability. In addition, hBMSCs in the PSI group had stronger osteogenic differentiation ability than those in the PEI25kDa group. We used the tibial monocortical defect model to investigate the function of Chordin inhibition in vivo and found that Chordin knockdown obviously promoted the bone regeneration ability of hBMSCs. This is the first report that Chordin knockdown could promote the osteogenic differentiation of hBMSCs isolated from patients with bone nonunion. 
Conclusion
We found that Chordin knockdown increased the osteogenic differentiation and rescued the osteogenic capacity of hBMSCs isolated from patients with bone nonunion. PSI polyplexes exhibited a higher Chordin knockdown efficiency than PEI25kDa polyplexes in hBMSCs. We found that Chordin knockdown enhanced the BMP-2 pathway by increasing the expression of the p-SMAD1/5/8 complex and promoted osteogenesis and bone regeneration of hBMSCs isolated from patients with bone nonunion in vitro and in vivo. Thus, Chordin is a potential target for improving osteogenesis and bone nonunion therapy, and the packaging of Chordin siRNA with PSI is a promising method for clinical application owing to its high siRNA delivery efficiency and negligible cytotoxicity.
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